We investigate theoretically and experimentally the beam shifts of a Gaussian beam reflected by an air-glass interface at Brewster incidence. For a linearly polarized incident beam, the reflected beam will undergo a spatial spin splitting within the plane of incidence. This spin splitting is up to 83 μm when the incident beam waist is 90 μm. Additionally, the reflected beam will be deflected along the direction perpendicular to the incident plane, i.e., undergo an angular shift. The maximum angular shift has been theoretically predicted and experimentally confirmed. Both the spatial spin splitting and angular shift can be controlled by the incident polarization state. These controllable giant beam shifts have potential applications in the design of spin-photonic devices and the optical sensing.
Introduction
As is well known, a bounded beam will undergo both the Goos-Hänchen (GH) and Imbert-Fedorov (IF) shifts in directions parallel and perpendicular to the plane of incidence, respectively [1] . The GH and IF shifts have attracted much attention owing to both their physical interest and potential applications in quantum information and precision metrology [2] - [5] . These two kinds of shifts may have both a spatial and an angular character, namely, the reflected beam may be displaced and deflected with respect to the geometrical prediction [6] . The displacements of beam centroid caused by angular shifts increase with the propagation distance, thus may be larger than those by spatial shifts, which are independent of the propagation distance [1] , [7] . The GH and IF shifts are typically small [1] , [8] . Weak measurement technology or other complicated methods are therefore needed for their measurement [9] - [12] .
Large GH and IF shifts are highly desirable for their real applications [13] , [14] . The spatial GH shift has been studied extensively [14] - [17] . Many methods have been proposed for its enhancement including by graphene sheets [15] , dielectric grating [16] , epsilon-near-zero metamaterials [17] , etc. The enhancement of angular GH shift is much less investigated. In 2015, an angular GH shift of several hundred micro-radians was experimentally obtained by a metasurface [18] .
The spatial IF shift is caused by the spin-orbit interaction thus is spin dependent [19] . When the incident beam is linearly polarized, the two opposite spin components of reflected beam may split spatially [8] . Large spatial spin splitting has been achieved when a linearly polarized Gaussian beam was reflected by an air-glass interface near (but not at) the Brewster incidence [20] , [21] . The large spatial spin splitting was also predicted in a Gaussian beam transmitted through epsilonnear-zero metamaterials [22] or metamaterial waveguides [23] . The spin splitting phenomenon also occur within the plane of incidence, resulting from the interaction between zeroth-and firstorder derivatives of the Fresnel reflection coefficients of orthogonal linear polarizations [24] , [25] . Recently, an asymmetric spin splitting was experimentally demonstrated by illuminating elliptically polarized beams onto an air-glass interface [26] . More recent advances about the spin splitting can be found in a recent review [27] .
Here, we investigate the beam shifts of a Gaussian beam reflected by an air-glass interface especially at Brewster incidence. For a linearly polarized incident beam, the reflected beam will undergo an angular IF shift and a spatial spin-dependent shift in directions parallel and perpendicular to the plane of incidence, respectively. A theory treatment for the optimizations of both the angular and shifts is presented. The maximum angular IF shift and spatial spin-dependent shift can be obtained by tuning the incident polarization state. By employing a Gaussian beam with a beam waist of 90 μm, an angular shift of 4.36 × 10 −4 rad and a spatial shift up to 41.45 μm were obtained experimentally.
Theoretical Analysis
The schematic of the beam shifts incident at Brewster angle θ B is shown in Fig. 1 , where the local coordinate systems attached to the incident and reflected beams are (x i , y i , z i ) and (x r , y r , z r ), respectively. The angular spectrum of incident beam is
, where w 0 is the beam waist, |H and |V represent the polarization sates parallel and perpendicular to the incidence plane, α is real, denoting the amplitude of |V polarization state. According to [1] and [20] , the right and left circular polarization (RCP and LCP) components of the reflected light field are respectively where M = r s cotθ B , N = (r p + r s )cotθ B , z 0 = k 0 w 2 0 /2 with k 0 being the wavenumber in vacuum, |± denotes RCP and LCP polarization states. r p and r s are the Fresnel reflection coefficients for the p and s waves at Brewster angle, r p and r s being their first derivatives. The displacements of the centroids of the RCP and LCP components of the reflected beam at a given propagation distance z r can be considered as a combination of spatial and angular shifts, δ [6] . By neglecting second order terms of 1/z 0 , we have
where the energies of RCP and LCP components of the reflected field components are respectively
Therefore, the angular shift in the x r direction and the spatial shift in the y r direction vanish [1] , [20] . The reflected beam will undergo two kinds of non-vanishing beam shifts: the spatial shift along x r axis and the angular shift along y r axis. The spatial shift is spin-dependent [25] , i.e., two opposite spin components shift toward opposite directions. It is caused by the interactions between zerothand first-order derivatives of the reflection coefficients of orthogonal linear polarizations [1] . On the contrary, the angular shift is spin-independent, meaning that the displacements of the centroid for RCP and LCP components are the same, which are equal to that of the total reflected beam, i.e.,
According to (2) , the spatial shift ± X vary with the initial amplitude of |V polarization state α, and a positive and a negative peaks can be found among all α, as shown by Fig. 3 . The absolute value of the peaks is [28] 
4 /4, with n being the refractive index of glass. m is the maximum spatial shift, which is determined simply by the incident beam waist w 0 and parameter γ. m decreases with the increase of γ, which is determined by the refractive index of the glass. For a BK7 prism with n = 1.515, γ = 0.1787, thus m = 0.46w 0 . A high refractive index will lead to a large m . When n → ∞, m tends to its upper limit of w 0 /2. The peaks of the spatial shift ± X are obtained at
Therefore, |α p k | 1. In order to obtain the maximum ± X , the incident linear polarization state should make a small angle with the x i axis. According to (5), the spin splitting can be arbitrary large, however, it is limited by the performance of polarizer in practical. For a polarizer with a extinction ratio of 50 dB, the spin splitting cannot be larger than 2.5 × 10 4 λ (λ is wavelength), according to (6) . Interestingly, at the same positions, α = α p k , the angular shift also reaches their peaks. And the maximum angular shift is
θ d = 2/k 0 w 0 is the divergent angle of incident Gaussian. Similarly, the maximum angular shifts m is also determined by the incident beam waist w 0 and parameter γ. However, m increases with γ. 
Experimental Observations
The experiment setup is shown in Fig. 2 . A Gaussian beam from a He-Ne laser passes through a half-wave plate and then focused by the lens L1 to produce a focal spot with beam waist of 90 um. A Glan polarizer P1 is used to control the initial polarization state. When reflected by the air-glass interface at Brewster incidence, the two spin components of reflected beam shift along both the x r and y r axes. The lens L2, L3, and CCD form an image system with an amplification factor of 4.8. The quarter-wave plate (QWP) making an angle of ±45 o with respect to the x r axis converts circular polarization states into linear polarization ones. One of the circular polarization components of the reflected beam will therefore pass through the polarizer P2 oriented vertically. By rotating the QWP, two spin components of the reflected beam can be selected alternatively. Our experimental configuration is similar to the one in [21] . However, we will investigate not only the spatial shift but also the angular shift of the reflected beam. Moreover, the beam shift after an arbitrary propagation distance will be also studied experimentally.
By adjusting the image system, the CCD record the intensity profiles at the prism interface (z r = 0 plane). The spatial spin-dependent shift ± X are obtained respectively by selecting the RCP and LCP field components through the rotation of QWP. To measure the angular shift, we move the image system together and record the intensity profiles at different z r plane. Therefore, a relationship between the centroid displacement and the propagation distance are obtained, as shown by Fig. 4 . The slope of the linear fitting is the angular shift. Fig. 3 shows the spatial spin-dependent shift −4 rad, the same as theoretical prediction. The beam shift of reflected beam along the y r axis is caused by the angular shift, therefore it will increase linearly the propagation distance z r , as shown by Fig. 4 , where the beam shifts induced by the angular shift Y for the cases of α = ±0.0022 are shown. The beam shift δ Y is 35.96 μm when z r = 8.6 cm, which is smaller than the shift along the x r axis δ X . By increasing the propagation distance z r further, the δ Y will be larger than the δ X , since the δ X is caused by spatial shift, thus is independent of z r . For a plane z r > 0, the RCP and LCP components of reflected beam will undergo shifts along both the x r and y r axis. As shown by (2) and (3), the shifts of the RCP and LCP field components along the y r axis are the same; while the those along the x r axis are equal in magnitude but opposite in sign. and 3.2 × 10 −3 , respectively. When α increases from −3.2 × 10 −3 to 3.2 × 10 −3 , the intensity profile of RCP field component moves from upper-right region to lower-left region. Therefore, the beam shifts of reflected beam can be well controlled by the initial linear polarization state. Specially, at α = 0, the intensity pattern of the RCP field component is divided into two parts. This is because the incident Gaussian beam can be considered as a superposition of plane waves. The horizontally polarized plane waves with an incident angle equal exactly to the Brewster one will not be reflected, resulting in a black line in the intensity pattern of the reflected beam, which divides the pattern into two parts.
Conclusion
We have shown theoretically and experimentally that a linearly polarized Gaussian beam will undergo a spin-dependent spatial shift and a spin-independent angular shift when reflected by an air-glass interface at Brewster incidence. Both the spatial and angular shifts vary with the incident polarization state and reach their maximum values simultaneously. The maximum spatial and angular shifts depend on the incident beam waist w 0 and the refractive index of glass n. For the case of w 0 = 90 μm and n = 1.515, a spin splitting up to 83 μm was experimental obtained, which is the largest spin dependent shift ever achieved without any amplification method [20] , [21] , [25] . These findings are important for the real applications of the small beam shifts.
